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1. INTRODUCTION
The SiC-base electronics applications have madetremendous progress primarily because of

the commercial availability of SiC substrates of ever increasing diameter and quality. This
triggers higher demandson the epitaxial process. The growth of thick epitaxial layers with

low defect density and the control of the doping is an essential technique and the next step for

the fabrication of devices. Our recent experimental and modelling work was recently applied

to an horizontal hot-wall reactor commercially available from the Epigress company
(http://www.epigress.se). Hydrogenis typically employedas the carrier gas along with silane

and propane as precursor gases. Atmospheric and reduced pressures (10-100 kPa),

temperature higher than 1700KandC/Si ratios from I to 15 in the gas phasecan be used. The
quality, the growth rate and the doping level over 2" wafers are found to dependon the CISi
ratio in the gas phase supplied onto the growth surface, which suggests the importance of the

intricate mixture of transport phenomena(heat andmasstransfer) and reactivity.

2. SIMULATION
Thermodynamicand kinetic modelling were used to evaluate the qualitative influence of

temperature, pressure and species reactivity on the deposition features. This approach is static

(OD) at fixed pressure and temperature and it was difficult to give engineering conclusions.
After the comparison of experiments with simulation trends in the 1700-2000K temperature

range and 25-lOO kPa pressure range and manyreturns with simplified 2Dsimulations, we
have decided to use a reduced and slightly modified version of the most complete and reliable

heterogeneous and homogeneouskinetic database published. This reduced database includes

12 gaseous species (H2, H, SiH~, SiH2, Si2H6. Si, C3H8,CH3,C2H5,C2H6,C2H2,C2H~)and 5
surface species (Si_s, C_s, SiH2_s, HC_sand HSi_s). The electromagnetic simulation has
beenperformed on the hot-wall reactor in static conditions using Flux3D software package. It

clearly showsthat the rectangular shape of the susceptor associated with the cylindrical shape
of the insulation leads to a 3D situation. The joule losses are higher in the lateral parts and
consequently, the temperature is higher. A small part of the power is dissipated in the foam
due to the striations. Oneof the drawbacks of this reactor is that the temperature along the

susceptor is highly non-uniform. It is then difficult to process more than one wafer of 35-50

mm.Theuniformity of the temperature distribution along the central 2/3 part of the susceptor

can be slightly improved by increasing the thickness of the graphite (from 35 to 50 mm)and

more by changing the position and the design of the coil. The next step is to combine
iteratively this 3Dsimulation with heat andmasstransfer.
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The computation of the combined approach has been madefor standard conditions using
Cfdace software packageand a series of user subroutines : P=25kPa, T***=1850 K, DH2=80
l,min~1,

a C/Si ratio of I and a high dilution for precursors (from I to 6 10~4 in mole). The
results show, for instance, that (i) gravity leads to a deposition on the top of the reactor at the
exit of the susceptor (figure 1), (ii) the cold finger at the entrance of the susceptor contributes
to non-uniform distributions of temperature (figure 2), (iii) deposition rate results from an
intricate mixture of temperature and concentrations fields (figure 3) and (iii) that the main
contributing gaseous species are SiH2, Si, C2H2, C2H~and CH4. The model predict a rather

gooduniformity for the deposition rate, Iess than 10 %, for a wafer of 50 mmplaced in the
high temperature region (50 to 70 %of the susceptor length).

Figure 1. Influence of the gravity and of the narrow entrance of the susceptor on the temperature field for both an
horizontal section (Z-cut at left) and a vertical section (X-cut at right) at the exit of the susceptor (P=25 kPa,

T~~=1850K, DH2=80l,min~1. C/Si ratio =1 and210~4moleof SiH~)-

180o ro

e e
1700 e

~ ~6
"_ 1600

~15oo s. 4 sg_F~_1-~-jiL~:i:~}-
'

*" ~
1400 -F po'ifl'~ '

~* E*~'i**'
pe.i~.~ 2

1300
20 40 60 eo Ioo

'/' of th' t'tal '*"'pt'* t'nght Mela' f*actton siH* (* Io~')

Figure 2. Comparisonbetweenthe computed(-) and measured(e) temperature distribution along the centerline

of the susceptor.

Figure 3. Evolution of the computedgrowih rate versus the molar fraction of silane (C/Si= I , temperature of
figure 2) for 3positions along the centerline of the wafer : position I is the leading edge, position 2the center
andposition 3the trailing edgeof a single wafer located in the high temperature region of the susceptor.

In conclusion, it seemsdifficult to find a set of experimental parameters to process numerous
wafers with a sufficient growth rate and uniformity in the standard version of this reactor.

However, for a single wafer by run, high quality 4H-SiC films of 10 umand devices have
been processed. The residual doping is low (1014 cm~3). This allows to process N-dopedSiC
layer whenusing small amountof nitrogen. Wehave found a non-linear dependenceof the

doping profile with the inverse of the initial propane flux and a strong dependenceon the

temperature. Hence, the production of thick 4H-SiCwith low residual doping can be achieved
with the hot-wall reactor used in this study. But, to reach a good doping uniformity
improvementson the design of the deposition area are still needed.
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An important technology for growth of SiC epitaxial layers is the chemical vapor deposition

(CVD)technique, which has beenextensively studied in recent years, both experimentally [1,

2] and theoretically [3, 4, 5]. Thegrowth of device quality epitaxial layers, such as MI~;SFET
structures, requires precise control of the thickness and doping uniformity and of the

morphological quality. Optimizing and improving the CVDprocess is often expensive and
time consuming. Sirnulations can be used to gain moreunderstanding of the process, making
development faster and less expensive. Modeling of the growth rate and morphology of
epitaxial layers is an important step towards process optimization.

In order to obtain an accurate model for the growth, the chemistry involved has to be correctly

modeled. Somemodels of gas phase and surface chemistry present in SiC CVDhave been
proposed [3, 5], howeverthese modelsdo not include the formation of organo-silicon species,

which are believed to play an important role in the growth process [6]. Also, the proposed
modelshave only predicted deposition rates andnot deposit composition. Thegrowth is either

limited by the amountof carbon species or by the amountof silicon species available in the

gas phase immediately above the growth surface. Thus, a precise model of the gas phase
chemistry is essential to obtain accurate growth rate predictions. This work will use a new
model, including someorgano-silicon species, to simulate growth rates along the entire

susceptor. To accurately predict the growth rate it is also crucial to know the exact
temperature distribution inside the susceptor. Therefore the temperature inside the susceptor

wasboth simulated three-dimensionally andmeasuredby an in-situ method.

For the epitaxial growth a horizontal hot-wall type CVDreactor [1] wasused. It consists of a
hollow graphite susceptor surrounded by insulation inside an air cooled quartz tube. The
graphite is inductively heated by a copper coil. Hydrogen (H2) is used as carrier gas, silane

(SiH4) andpropane (C3H8) as precursors. Growthwasmadeon 10 mmwide stripes of 4H-SiC
8' off axis substrates, which were placed along the gas flow direction covering the whole
susceptor length. Normalprocess parameters were C/Si = 3.5, T= 1600'C, H2gas flow = 13
slm, SiH4 flow = 0.9 sccmand C3H8flow = 1.05 sccmand atmospheric pressure. Different

cases were studied, changing various process parameters such as pressure and carrier gas flow
rate. The thickness of the deposited layers wasmeasuredby FTIR and the morphology was
studied using optical microscopy. The doping was measuredby CVand controlled with
photoluminescence. The composition of the deposited material was studied using XPSin

order to obtain a quantitative measurementof the precursor losses before the area of "good"
growth. The results showan alternating carbon rich and silicon rich deposit at the entrance of
the susceptor. The relative amountof silicon and carbon in the deposit on the first 20 mmof
the susceptor for typical growth parameters is shownin Fig. 1. Different growth models are
assigned to the boundaries of the simulation domainaccording to the results gained by XPS.
The carbon and silicon rich deposits are also confirmed by studies of the morphology by
optical microscope, where certain types of surface defects can be attributed to carbon rich or
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silicon rich growth. At the entrance of the susceptor there is a region of polycrystalline

growth. Downstreamfrom this region large triangular defects can be seen before the

deposition turns into a completely mirror like surface, i.e. the useable growth area. Further

downstream, towards the back of the susceptor, Iarge triangular defects are again seen. When
reducing the pressure, the polycrystalline region extends further inside the susceptor, but the

transition to a completely mirror like surface does not show any triangular defects. The
triangular defects on the surface are believed to originate from silicon rich deposition.
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Fig. I The relative amountof silicon and
carbon in the deposit on the first 20 mmof
the susceptor (at 1000mbar), as measured
by XPS.

A slightly higher growth rate (about 10%)
is observed for the reduced pressure
growth compared to the growth at

atmospheric pressure .
This is also

predicted by the simulations. Thepredicted

and measuredgrowth rates are shown in

Fig. 2. In the figure a scaling factor has

beenused to compensatefor the 2Deffects

causedby the axisymnetric approach used
in the 2D simulations. Simulations were
canied out for both 2Dand3D.
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Fig. 2 Measuredand predicted growth rates

along the entire susceptor for two different

pressures. The zones are indicating dlfferent

types ofgrowth; I - polycrystalline growth, 2-
triangular defects, 3- usable growth area, 4-
defective surface.

Preliminary results from 3Dsimulations showgoodagreementwith measuredvalues.
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Boron is a persistent residual impurity in SiC, especially when the growth process is

performed at high (1600- 1850'C) temperatures, which are typical in the sublimation epitaxy
[l] and in the CVDepitaxy process in a vertical hot-wall ("chimney") reactor [2]. Both
techniques are candidates for the growth of thick (> 30 um)SiC Iayers for device applications
like high-power switching, provided the demandon the material purity is satisfied. Fromthis

point of view investigations on different characteristics of Bin 4H-SiC Iayers are important
in order to establish growth parameters for controllable boron incorporation.

Boron, along with nitrogen and aluminum, can be present in as-grown sublimation epitaxy
layers. The background impurities in the epilayers are unintentionally introduced from the

growth environment, mainly the polycrystalline SiC source material and graphite. Boron
incorporation (from 5xl015 cm~3to 3xl017 cm~3) in the layers can be affected by applying
different growth temperatures that also change the growth rate (from 2um/h to 160 um/h).
The spectra in Fig. I(a) present the cathodoluminescence (CL) signature of two layers with
the sameAlfN ratio and boron concentration of (2 -

3)xl016 cm~3. Formation of a strong

green luminescence (GL) bandat - 505 nmcharacterizes the layer produced at higher growth
rate. TheGLis believed to originate from deepboron centers [3]-

Under CLexcitation efficient GL(Fig. Ib) is recorded in the "chimney" grown epilayers
characterized with Bconcentration below the SIMSdetection limit (i,e. Iess than 5xl014 cm~3)

wrth a residual Ndopmgmthe range of rmd 1013 cm~3. The layers are obtained at growth
rates of 15 - 25 umnl, which is an order of magnitude higher than in the conventional CVD
where no traces of GLare observed in the low doped layers. The finding that Batoms can
cause strong GLeven at small concentrations, provided B is introduced at higher growth
rates, also holds for Bresidual doping in a "chimney" reactor.

Weobserve that the total boron concentration in the sublimation epitaxy layers and the
intensity of GLrelated to the deep B centers increases, while the contribution from the B
dopant to the net acceptor concentration, as measuredby the mercury-probe CVtechnique,
diminishes (Fig. Ic). The layers are fabricated at increasing growth rate. It has been argued
that at high growth rates the Si/C ratio in the lattice increases especially if the growth rate is

comparableor exceeds the rate of silicon andcarbon self-diffusion [4]. As a consequencethe

concentration of Cvacancies increases and thus gives rise to enhancedprobability of forming
the defect complexesconsidered to assist the deepBcenter formation, i,e. Bsi-Vc [5], Bsi-Sic
[6] or Bc [7]. Apparently, variations in the growth rate can cause redistribution between
shallow and deepB-related centers, which cannot contribute to the acceptor concentration as
measuredby CV.
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Theresults are further discussed in relation with the measurementsdoneon "chimney" grown
epilayers produced at growth rate of 20 um/handwith varying the C/Si ratio.
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Fig; 1. (a) CLspectra at 4.6 Kof 4H-SiCsublimation epilayers producedat

growth rate of22 pm/h(A) and160pmlh (B). BLdenotes blue luminescence at - 420nmdue
to N-AI DAPrecombination; (b) CLspectrum of a 4H-SiC "chimney" epilayer. ELdenotes

4H-SiCedge luminescence starting near 380nm; (c) The ratio of net acceptor concentration

(Na ~ Nd) to concentration difference (NAI - NN)vs. boron concentration (NB) for the

sublimation epilayers producedat increasing growth rate: 2pnth (1), 16pnl71 (2),

87llmth (3), 108prd71 (4), 162 pm/h (5).

The investigation indicates two acceptor levels associated with the presence of B in the 4H-
SiC epilayers fabricated by two high-temperature techniques. A range of growth parameters
to minimize boron incorporation in the layers and to control the preferred occupation of

boron in the shallow or deep level is suggested.
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Progress in SiC-based technology has been madein manyprocesses, e.g. 4H-SiC growth, ion

implantation, metal contacts, etc. Howevercontrol of the crystal quality during bulk and epitaxial

growth is far from the desired. Control during epitaxial growth can be mademoreprecise but

inherence of threading defects from the substrate can not be avoided. Besides the threading

defects emerging from the substrates (e.g, micropipes and dislocations), the epitaxial layers may
develop specific defects, generally viewed as structural and morphological. Commondefects in

SiC epitaxy are stacking faults. Theymayact both as nucleation sites for polytype inclusions [1]

and for degradation centres of device performance [2,3]. Thesurface morphologyof the epitaxial

layers is a critical characteristic since morphological defects mayeventually hinder device

processing [4]• While there is a growing body of experimental evidence pointing to a variety of

harmful defects in SiC epitaxial layers, the origin and the nature of the defects are not completely

understood and beg explanation. Finding the reasons for defect occurrence and eliminating them
is a key issue in the SiC growth technology.

With this study weattempt an insight into extended defects generation in 4H-SiCepitaxial layers

in respect to nucleation on different surfaces that mayoccur under two different conditions. One
series of samples comprises as-grown surfaces obtained by liquid phase treatment of commercial
substrates, madeto reduce the micropipes. The micropipe healing was performed at TDI, Inc.

[5]. A second series of samples was prepared by temperature treatment at 1700-20000Cin

conditions resembling the initial phaseof SiC growth via sublimation.

Wehave used SEM,electron emission, STMand SWBXTto characterise the initial surfaces and
the layers grown on them by sublimation epitaxy. With increasing roughness of the nucleation

surface, i,e. step width and step height, from 500nm, respectively 20nm, to 4um, respectively

600nm, different types of defects are generated at the interface and are developed in the

subsequently grown layers. With further increase of the surface roughness conditions for

polytype switching have occurred.
Fig. 1(a,b) illustrates two distinguished cases. In the first case (a) stacking faults with

accompanyingpartial dislocations, along with threading dislocations with b = 1/3 I l~0 > are
observed, while in the second case (b) misfit dislocations and dislocations in three (1200)

symmetric directions are imaged. These results indicate that whenthe growth is disturbed, the

easiest grown-in defect to be formed at the substrate/layer interface are partial dislocations and
stacking faults, which is consistent with the low energy of formation of this defect. Edge
dislocations due to a large "mismatch" were formed when the irregularity of starting surface

exceededsomecritical value. It is interesting to note that also interface related micropipes have
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been observed to appear in the epitaxial layers, though this is not expected in the step flow
mechanism.The result wasobtained by KOHetching of the substrate and of the layer and the

patterns characteristic of micropipes werecompared.

Fig. 1. Synchrotron white beamX-ray topography images of (a) stacking faults (triangular

features) and (Z~) misfit dislocations O~nelines), in epitaxial layers grownon initial surfaces with

increasing roughness
.

The surfaces after the temperature treatment exhibit graphite coverage with thickness reaching

75 Adependingon the face polarity, as obtained by photo emission measurements.In contrary to

the results presented in Ref. [6], this graphite is uniformly covering the substrate surface and is

well ordered as proved by the LEEDpatterns. The STMimages indicate step-wise morphology
governed by the substrate off-cut. Growth on such surfaces was initiated and the results will be
further discussed concerning the impact of the graphite film on the structural evolution during
sublimation growth of 4Hmaterial. Wehave indications that the graphite film can be preserved

during growth and thus to act as a two-dimensional defect in the grown layer.

Basedon the experimental findings a thorough analysis of defect appearance in 4H-SiC Iayers

will be madeand a model for critical nucleation conditions of single 4H polytype will be
presented.
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Despite the improvementsmadeover the past years in material growih of SiC, the epitaxial

growih of highly uniform and pure layers is still an issue of development for the further

commercialization of electronic devices madefrom SiC. The development focuses on high

growih rates, purity, uniformity of layer thickness and doping concentration, and low crystal

defect density. The hot wall CVD-reactor has proven to be a system for achieving high

growih rates and pure layers. The thickness and doping uniformity is depending on the

homogeneity of temperature and gas flow. Rotating the wafer during growih evens out
possible temperature or gas flow inhomogeneities andmoreuniform layers can be grown.
Wehave developed a hot wall reactor with mechanical rotation basedon the VP508system,
commercially available from Epigress, and the growih process for achieving SiC Iayers

highly uniform in thickness and doping.
downstream upstream

Figure I shows schematically the reactor *' *
~~i~ =~'
=~~~= * =* 1= ~j

(= ~]design and the downstream side of the ' , (= ~l

~= (= !;i

reactor in operation. The substrate lays on a
*==***

4= *=i

==,' . Gas(- .To pump ~ *satellite, which consists of tantalum carbide

(TaC) coated graphite and is designed for
; wafer carrier2" wafers. The satellite is loaded from the
. sateuite

downstreamside and placed on top of a Quartz

graphite tube. The graphite tube can be tube '

RFcou Rotating

movedvertical and rotates motor driven. graphite tube

The rotation speed is around I rpm.
The heating control in the reactor is done
by a pyrometer, measuring the temperature
above the satellite at the inclined ceiling of
the susceptor (temperature maximum).The
substrate temperature was calibrated by
melting silicon on a SiC wafer. Silicon

melted at a control temperature of 1520'C,
indicating that the satellite is mainly heated
by the radiation from the surrounding

susceptor and not actively by the RF-field.

Therefore, the susceptor has to be heated Fig. I Schematic drawing ofthe hot wall CVD
reactor with mechanical rotation and

up to a muchhigher temperature to get the
the downstreamside of the reactor in

requested substrate temperature for
operation.

achieving goodquality SiC Iayers.

In our standard hot wall reactor the growih temperature is set to 1600'C, resulting in good
layer morphologyand low defect density. The substrate temperature is 50 to 100'C Iower in

the reactor with rotation. The lower substrate temperature does not affect the layer quality
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in a negative way, which is probably due to that the supplied gases and the substrate surface

are at a samilar or higher temperature than in the standard reactor cell.

Theeprtaxral growih wasdone with a conventional precursor system of silane and propane.
Nitrogen gas wasused for n-type doping and trimethylaluminum (TMA) for p-type doping.

The susceptor temperature wasbetween 1650 to 1700'C, which corresponds to a substrate

temperature of 1500 to 1550'C using the TaC-coated satellite. The total pressure in the

reactor wasset to 250 mbar. As carrier gas, hydrogen purified in a platinum cell as well as a
nuxture of punfied hydrogen and argon wasapplied. Argon has a lower cooling efficiency

than hydrogenandhomogemzestherefore the temperature over the wafer area.

The thickness and doping charactenzation of the layers grown in the reactor wrth rotation

was done mamlyby capacitance voltage (CV) measurementsand secondary ron mass
spectrometry (SIMS). Figure 2showsthe results from CV-measurementson nitrogen doped
epitaxral layers. The thickness uniformrty is excellent wrth a standard deviation over mean
value of Io/o and amaximumvanation over meanvalue of 40/0, whenexcluding 5mmat the

wafer edge. However, the umformrty for both p- and n-doped layers grownwith camergas
hydrogen was not good. In

i l017n-doping we observed u- 26'
, 4H-SiC:N

ashape profiles with a o: ~ 1:concentration variation by ~ 2.4
=

: -'=
a factor of 2 to 4 Ptype ~. _ _ : 'o

= oodopmgshowedcamel like o' = :--> =,D= 22 = oconcentration distributions ~'o
= o:~with a variation of about ~ .a'

~250/0. The reason for the ~ 2o -.o
~ =

= ~large concentration ~ o
18 = :variation is most likely

*
related to the lower

1016
substrate temperature in 1.6

o 10 20 30 40 50combination wrth a cooling
position x on wafer (mm)effect by incoming gases

or the use of the TaC Fig. 2 Thichness and doping umformity of n-type SiC Iayers

coated satellite. grown in a hot wal/ CVD reactor with mechanica/
rotation

Fromour standard hot wall '

reactor we have the experience that adding argon to the carrier gas gives a better layer
uniformity. Thesameeffect can be observed in the reactor with mechanical rotation. Adding
around 150/0 argon to the hydrogen carrier gas by keeping the total carrier gas flow constant
results in the dopmgdistribution shownin figure 2. Excluding 5mmat the edges of the

wafer the concentration vanes by 60/0 (standard deviation/mean) and IOo/o (maxrmum
vanation/mean).
In addition to the goodthickness and dopmguruformity, weobserved in the reactor cell with
rotation an mcreasedgrowih rate in compansonto our standard hot wall reactor. Usmgthe

sameprecursor flows the growih rate is a factor of I .5 to 2higher, which is due to the lower
substrate temperature mthe reactor cell with rotation.

Wehave shownepitaxral growih of SiC wrth excellent thickness and dopmgumformrty

usmga hot wall reactor wrth mechanical rotation and a camergas nuxture of 150/0 argon in

hydrogen. The high umformity of the layers gives rise to improved yreld of devrces, where
the layer thickness and doping are critical issues.
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Fast Epitaxial Growthof 4H-SiC by Chimney-type Hot-wall CVD
K. Fujihira, T. Kimoto and H. Matsunami
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Owingto recent significant progress of SiC wafer quality and epitaxial growth technol-

ogy, high-performance SiC devices have been reported. Although SiC device structures

have beenformed by CVD,a typical growth rate is relatively low, 2-6 ktm/h [1]
.

Vertical

hot-wall CVDhas merits such as high-temperature growth. High-temperature growth
suggests a great potential of high-purity thick epitaxial growth with a high growth rate.

Onechallenge in fast epitaxial growth so far is a relatively high concentration of deep
levels, called the D1 center, found as the L1 center in the PLmeasurement[2, 3]

.
In this

work, the authors realized high-speed epitaxial growth and found that the L1 peak and
the Z1 center could be reduced in a growth under a C-rich condition.

Epitaxial growth wasperformed on off-axis 4H-SiC(OOO1)by vertical hot-wall chimney-
typc CVDin a SiH4-C3H8-H2Systemat 1700'C. TheH2flow rate and the reactor pressure

was3slm and 100 Torr, respectively. All of source gases and carrier gas were introduced
from the bottom end of reactor. The C/Si ratios were varied in the range from 0.6 to

0.75 with a fixed SiH4 flow rate of 16.3 sccm.
Thehigh growth rates of 22//m/h and 25 kam/hwere attained with a mirror-like surface

for the epilayers grownwith C/Si=0.6 and 0.7, respectively. TheNomarski photographs
of elilayers grown for I hshowedexcellent surface morphology without wavy pits and
triangle defects. A relatively smooth surface without step bunching was observed by
atomic force microscopy and a small surface roughness of 0.20-0.25 nmwas obtained
(Table 1). Figure I represents the surface morphology and the height profile of epilayer

grown with C/Si=0.7. The X-ray diffraction analysis revealed a FWHMof 14 arcsec,
suggesting high quality of the epilayer. FromC-Vmeasurement,the net donor concen-
tration was determined to be as low as 4xl014 cm~3with C/Si=0.6 and 2> cm~3
with C/Si=0.7. This result agrees with "site-competition epitaxy" [4]

.

Figure 3(a) shows a PL spectrum at 18 K for a 22 kam-thick epilayer grown with
C/Si=0.6. Relatively strong free exciton peaks were observed, indicating its high purity

and high quality. Arelatively strong L1 peak, the origin of which is considered to be an
intrinsic defect complex, can be observed. Figure 3(b) depicts a PLspectrum at 18 K for

a 25 ktm-thick epilayer grownwith C/Si=0.7. It is noticeable that the L1 peak becomes
weaker, suggesting that the origin of L1 peak decreases under a C-rich condition. DLTS
measurementsrevealed that the Z1 center located at Ec~0.66 eV is the dominant trap.

TheZ1 center concentration was5x 1013 cm~3and I x 1013 cm~3for epilayers grownwith
C/Si ratios of 0.6 and 0.7, respectively. Although the correlation between the Z1 center
(DLTS) and the L1 center (PL) is still unopenedquestion, the formation of both defect

centers is suppressed under a C-rich condition.

Although off-axis SiC(OOO1)has been exclusively employedin growth and device fab-

rication, micropipe has been a severe obstacle. Recently, SiC(1120), which is equivalent

to the cubic(110) and has a promise for the absence of micropipes and improvement
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of MOSFETperfonnance, has been investigated [5, 6]. The author's group proposes

a novel crystal plane, 4H-SiC(03~8), which has an inclination of 54.740 toward (OllO)

from 4H-SiC(OOOl), and is semi-equivalent to the cubic(OO1). Preliminary exper'imellts

on 4H-SiC(0338) yie]dcd a net donor concentration of lxl015 cm~3. Comparison~vit,h

the growth on off-axis (OOO1)will be discusscd.

l] o.Kordina et al., Mat. s'ci. Forum, 264-268, 97(1998).
2] A.Entson et, al., Ivlat, sci. En9" B61-62, 113(19q. ~). Table I Parameters of 4H-SiCepilayers
:i_ I }1.Tsuchida et, al.. Mat. sci. Forum, 338-342, 14{)'(2000), grownwith C/Si=0.6 and 0.7.
4] D.'J.Larkin, plLy. stat. sol. (b)202, 305(1997).
5] I~.Yano e.t, al., TEEETrans. Elect.'r'on Del'ices, 46, 611(1999).

f6] T.Kimot;o e.t al., hirater, sci. 1~0r'um, 338-342, 189(2000).
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Growthandelectrical characte riZation

of the lOW-dopedthick 4H-SiCepilayers

H. Tsuchida, I. Kamata,T. Jikimoto, andK. Izunu
Central ResearchInstitute of Electric PowerIndustry

,
2-6-1 Nagasaka,Yokosuka, Kanagawa240-0196, Japan
Tel: +81-468-56-2 121,

Fax: +81-468-56-3540, E-mail: tsuchida@criep i,denken.or.jp

High-voltage SiC devices are attractive in the development of solid-state circuit current

breakers and frequency converters for powertransmission and distribution systems. Tensof

kVSiC bipolar devices can be expected from the superior material constants of SiC, while
successful results in obtaining a 12.3 kVSiC pin diode have recently beenreported [1]. The
growth of very thick epilayers, along with achieving a good morphology, Iow doping and
long minority carrier lifetime, is a key technique to obtaining such ultra high-voltage SiC
bipolar devices. This paper reports the growth and electrical charac,erization of low-doped
thick epilayers in excess of200 um.

Weused half sections or quarter sections of 8' off 4H-SiC(OOOl)wafers as substrates.

Epitaxial growth of 4H-SiC was performed under a reduced pressure of 40-50 Torr in a
vertical radiant-heating reactor, which consists of avertical hot-wall and inner susceptor [2,

3]. UpwardSiH4+C3H8+H2gas flow wasemployedin the reactor. Thegrowth temperature

was1530-1550qCat the susceptor top, and the typical growth rate was 13-16 um/h.
Atomic force microscopy (AFM) and Nomarski optical microscopy were used to

investigate the morphology ofthick 4H-SiC epilayers. Figure I showsanAFMimage of a
246 um-thick epilayer grown at 15um/h. Nomacro step bunching was observed, and the

RMSroughness wasdetermined as low as 0.20 nmby IOumx IOumAFMscanning. The
surface wasentirely specular, and the morphological defect density was less than 100 cm~2.

Figure 2showsa low temperature photoluminescence (LTPL) spectrum taken from a 202
um-thick epilayer. TheLTPLspectrum showsstrong free excitons and comparatively weak
nitrogen boundexcitons. Aluminumboundexcitons andboron boundexcitons are very weak.

To evaluate electrical characteristics of the thick epilayers, we fabricated NV4H-SiC
Schottky barrier diodes (SBDS). Figure 3showsC-Vcharacteristics for three doping level~i

Fromthe 1/C2-V plots, the net doping concentrations (Nd-N.) were determined as I.7xlO
cm~3for a 63 um-thick epilayer, 6.7xl013 cm~3for a202 um-thick epilayer and 4.3xl014 cm~3

for a 217 um-thick epilayer. The 1/C2-V plots for the 202 um-thick epilayer and the 217
um-thick epilayer were fairly straight, however, the 1/C2-V plot for the 63 um-thick epilayl~r

curved at a low-voltage bias. In our DLTSmeasurementsfor epilayers doped to mid 10
cm~3 wefound the ZI center with a density of 2-3xl013 cm~3in typical. For the 63 um-thick
epilayer, the doping concentration could be comparableto the ZI trap concentration. Wealso

observed the Ll line (DI center) from all samples used in this experiment by LTPL
measurements. Influence of the deep levels (acceptor type) may be the reason for the

bending of the 1/C2-V plot at a low-voltage bias.

In the forward I-V characteristics of the SBDS(Fig. 4), the specific on-resistance was I .9

~cm2for the 202 um-thick epilayer and 0.27 ~cm2for the 217um-thick epilayer. This on-
resistance implies high electron mobility with regard to the thickness and doping levels. The
n-factors of 1.04 for a I mmcSBD(202 um-thick epilayer) and 1.03 for a 0.5 mmcSBD
(217 um-thick epilayer) were obtained. Onthe other hand, the specific on-resistance of the

63 um-thick epilayer was as high as 3.2xl03 ~cm2which corresponds to a resistivity of
5. Ixl 05 ~cm.Wesupposethat this rather high resistivity is aconsequenceof the reduction

of backgrounddoping downto an equivalent concentration of the intrinsic defects.

In the reverse I-V characteristics (Fig. 5), the highest breakdownvoltage of-6.3 kVwas
achieved for a I .O mmcSBDfabricated on the 202 um-thick epilayer, even though no edge
termination or surface passivation wasprocessed. The leakage current density at -6.0 kV
was I .3xl 0-5 A/cm2. Using the 217um-thick epilayer, the highest breakdownvoltage of -6.4

kVwasachieved for a 0.5 mmcSBD.
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For power devices with high breakdownvoltage, thick epitaxial layers are needed,

If an epitaxial layer of 50 1~ mthickness is required, it takes morethan 10-25 hours to grow
when the growih rate is 2-5 ,1 m/hr. This brings not only long process time but also

increased consumption of substrate susceptor, which increases process cost. Therefore

researches trying to obtain high growih rate of around 20-50 ,~ m/hr have beendone in recent

years L1, 2]. Wehave obtained high growih rate of reaching about 70 !1 m/hr by using a
vertical type, quasi-hot-wall CVDreactor. In this paper, growih conditions for obtaining

high growih rate at relatively high temperature range (1600-1 800 ~C) are studied.

A vertical quasi-hot-wall CVDreactor which can set maximuma 75 mmdiameter
substrate wafer was used in this experiments. The process gases (SiH4. C3H8, H2) were
distributed upwards through an inductively heated graphite nozzle. The 8' off-axis 4H-SiC
(OOO1) substrates were attached to the susceptor so that the growih surface exposed
downwardsto the process gases. Thegrowih temperature was in the range of 1600-1800 "C
and the growih pressure was in the range of 2-760 Torr. The C/Si ratio was fixed to I .5.

The thickness of the grown layer was measuredby observing the cleaved cross-section of
substrates using scanning electron microscope. The etching rate was determined from the

weight loss of the substrate using a microblance. The grown surfaces were examinedwith
Nomarskidifferential interference contrast microscopy (NDIC).

Temperaturedependenceofthe growih rate and the H2etching rate are shownin Fig.

1.
The growih rate decreased with increasing the temperature in this range. The reason is

that the H2 etching rate increases exponentially with increasing the temperature. Pressure

dependenceof the growih rate and the etching rate at H2 flow rate of IOL/min are shownin

Fig. 2. Theetching rate (crosses in Fig. 2) dramatically decreased with increasing pressure.
This result is qualitatively in agreementwith the result using the vertical CVDreactor which

wehave previously reported [3]• The growih rate increased with increasing pressure in the

lower pressure range of less than about 20 Torr (triangles). This maybe explained in term of
dranratic decrease in H2etching rate with increasing pressure [I ,

4]. Onthe contrary, in the

case of higher-pressure range of more than about 20 Torr, the growih rate decreased with
increasing pressure (circles). This indicates that the species, which contribute to the growih,

maybe reduced with increasing the pressure. Figure 3showsSiH4 flow rate dependenceof
the growih rate at the pressure of 20 Torr. In this figure, solid symbols meanmirror-1ike

surface morphologies, and open symbols meanrough surfaces. The growih rate increased

with increasing SiH4 flQw rate. The grown surface, however, becarne rough whenthe SiH4

was supplied excessively. The growih rate becamelow as the temperature becamehigh.

Thegrowih rate of about 30 1~ m/hr wasobtained at the temperature of 1800 ~Cand the SiH4
flow rate of 36 cc/min whenthe H2flow rate was IOL/min. Furthermore, the growih rate of

70 /1 m/hr wasobtained at the sametemperature and SiH4 flow rate whenthe H2 flow rate
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wasincreased t015 L/min. Figure 4showsthe NDICimagesof these grownsurfaces. Fig.

4 (a) and (b) showthe surface morphology of the epitaxial layer grown at the rate of 70 11

m/hr and 26 kt m/hr, respectively. Both surfaces were specular. However, the surface

morphologyof Fig. 4(a) is rougher than that of Fig. 4(b).

This workwasperformed under the managementof FEDas apart of the METIProject

(R&Dof Ultra-Low-Loss PowerDevice Technologies) supported by NEDO.
[1] A. Ellison et al., Material Science ForumVol. 338-342 (2000) 131.

L2] T. Kimoto et al., Jpn. J. Appl. Phys. Vol. 40 (2001) L374.
[3] K. Masaharaet al., Material Science ForumVol. 338-342 (2000) I037.
[4] M. Kushibe et al., Material Science ForumVol. 338-342 (2000) 169.
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